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Abstract
Cadherins are one of the major families of adhesion molecules with diverse functions during embryonic development. Fat-like cadherins form
an evolutionarily conserved subgroup characterized by an unusually large number of cadherin repeats in the extracellular domain. Here we
describe the role of the Fat-like cadherin CDH-4 in Caenorhabditis elegans development. Cdh-4 mutants are characterized by hypodermal defects
leading to incompletely penetrant embryonic or larval lethality with variable morphogenetic defects. Independently of the morphogenetic defects
cdh-4 mutant animals also exhibit fasciculation defects in the ventral and dorsal cord, the major longitudinal axon tracts, as well as migration
defects of the Q neuroblasts. In addition CDH-4 is essential for establishing and maintaining the attachment between the buccal cavity and the
pharynx. Cdh-4 is expressed widely in most affected cells and tissues during embryogenesis suggesting that CDH-4 functions to ensure that
proper cell contacts are made and maintained during development.
© 2008 Elsevier Inc. All rights reserved.Keywords: Cadherin; Development; Neuron; Pharynx; Hypodermis; Morphogenesis; Axon guidance; Ventral cord; Cell adhesion; Cell polarityIntroduction
Cadherins are a diverse family of adhesion molecules with
members found in all animal phyla ranging from diploplastic
hydrozoa to vertebrates (Halbleib and Nelson, 2006). The first
members of this family were identified as Ca2+-dependent
homophilic adhesion molecules in vertebrate embryos. These
‘classical’ cadherins are typically located at adherens junctions
and mediate adhesion through dynamic interactions with the
actin cytoskeleton (Goodwin and Yap, 2004). The extracellular
domain of classical cadherins consists of five cadherin repeats
and the intracellular domain is highly conserved with binding
sites for proteins like β-catenin and p120-catenin linking the
cadherin complex to the actin cytoskeleton. Classical cadherins
are the best understood subgroup within the cadherins with
respect to their function and molecular interactions.⁎ Corresponding author. Simon Fraser University, 8888 University Drive,
Burnaby, BC, Canada V5A 1S6.
E-mail address: hutter@sfu.ca (H. Hutter).
0012-1606/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2008.01.024A number of other proteins also have cadherin modules in
their extracellular domain, frequently in combination with other
protein modules like EGF modules. Since their intracellular
domain is different from classical cadherins they are expected to
have different functions inside the cell (Angst et al., 2001). One
of these subgroups, characterized by an unusually large number
of cadherin repeats in the extracellular domain, are the Fat-like
cadherins (Tanoue and Takeichi, 2005). Fat-like cadherins in
Drosophila are involved in regulating cell proliferation in the
imaginal disc (Bryant et al., 1988) as well as in planar cell
polarity (PCP), i.e. the orientation and polarity of epithelial cells
within the plane of the epithelium. In Drosophila this aspect of
epithelial organization is studied mainly in wing, leg and eye
imaginal discs, where either the orientation of hairs (wing, leg)
or R3/R4 photoreceptor differentiation and consequently
orientation of ommatidia in the eye depends on Fat cadherins
(Matakatsu and Blair, 2004; Yang et al., 2002). Other prominent
members of the planar cell polarity pathway are components of
the Wnt/Wg signalling pathway (Fanto and McNeill, 2004). In
vertebrates four different Fat cadherins have been identified,
only one of which has been studied in any detail (Tanoue and
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perinatally with various defects in kidney, forebrain and eye
development (Ciani et al., 2003). Lethality is most likely caused
by the loss of the renal glomerular slit junctions (Ciani et al.,
2003), which points to a role for mFAT1 in cell–cell interactions
or adhesion.
We isolated mutants in the Caenorhabditis elegans Fat-like
cadherin cdh-4 in genetic screens for axon guidance defect
mutants (HH unpublished). Cdh-4 was also identified in a large
scale RNAi screen for genes affecting axon navigation in the
motor circuit of C. elegans (Schmitz et al., 2007). In this study
we show that the conserved Fat-like cadherin cdh-4 has pleio-
tropic functions in embryonic development in C. elegans. It is
involved in fasciculation of the major longitudinal axon tracts,
in neuroblast migration and is essential for proper development
of hypodermis and pharynx.
Materials and methods
Nematode strains and GFP markers
The following mutants were used for mapping: dpy-5(e61), dpy-10(e128),
dpy-17(e164), dpy-13(e184), dpy-11(e224), unc-104(e1265), rol-6(e187),
maDf4/dyp-10(e128) unc-104(e1265) and CB4856 (wild type strain from
Hawaii used for SNP mapping).
The following integrated GFP reporter strains were used for analysis
of defects in cdh-4 mutants: evIs111[F25B3.3∷GFP], rhIs4[glr-1∷GFP;
dpy-20(+)], rhIs16[glr-1∷CFP; dpy-20(+)], hdIs22[unc-129∷CFP, unc-47∷
DsRed2], hdIs26[odr-2∷CFP, sra-6∷DsRed2], hdIs29[odr-2∷CFP, sra-6∷
DsRed2], jcIs1[ajm-1∷GFP]. mab-5(e1751) was used for the double mutant
analysis. All strains were cultured at 20 °C using standard methods.
Mutant isolation
The cdh-4(rh310) and cdh-4(hd13) alleles were isolated after EMS
mutagenesis of rhIs4[glr-1∷GFP] animals in a nonclonal F2 screen for animals
with axon navigation defects in glr-1-expressing interneurons. The deletion
allele hd40 was isolated from an EMS-mutagenised library using a poison
primer PCR approach targeting the first exon (Edgley et al., 2002). Two
more deletion alleles, cdh-4(pk295) and cdh-4(ok1323), were isolated earlier
by other labs (Pettitt lab and C. elegans Knock-out Consortium, respectively).
Cdh-4(pk295) is a deletion beginning in intron 12 and ending in exon 14. Cdh-4
(ok1323) deletes part of exons 10 and 11. Both deletions are predicted to led to
frame shifts and an early truncation of the protein similar to the point mutations
and the hd40 deletion described here. Somewhat surprisingly pk295 and
ok1323 mutant animals do not show any of the defects characteristic of the
other three cdh-4 alleles like ventral cord fasciculation defects or embryonic
and larval lethality (data not shown). These two alleles were not characterized
further.
Mapping, sequencing and fosmid rescue
Initial mapping of hd13 and rh310 was done by standard genetic
recombination mapping with visible markers. For further mapping using single
nucleotide polymorphisms, cdh-4(rh310) rhIs4 or cdh-4(hd13) rhIs4 animals
were crossed into the CB4856 wild type strain. F2 animals showing axon
guidance defects were scored for the presence of CB4856 SNP markers. hd13
and rh310 were located between SNP marker pkP3096 on cosmid ZK1058 and
pkP3047 on cosmid W03A5, with cdh-4 as a prominent candidate gene in the
region.
Small PCR fragments 3 kb in size covering the entire coding region
of F25F2.2 were sequenced to identify the mutations in cdh-4(rh310) and
cdh-4(hd13). The nature of the deletion in cdh-4(hd40) was determined by
sequencing a PCR fragment (deleted region: base pairs 18243–19033 of cosmidF25F2 (genbank accession number Z35599). Deleted region in cdh-4(ok1323)
corresponds to base pairs 25252 to 26497 of cosmid F25F2.
Transgenic animals were generated with the fosmid WRM0627cC04
containing the entire cdh-4 gene (10 ng/μl together with the coinjection marker
pRF4 rol-6(su1006) at 90 ng/μl). Several lines were analysed for rescue of the
neuronal and developmental defects. Axonal defects were scored with rhIs4 as
marker.
Analysis of neuronal defects
Animals were grown at 20 °C and different life stages were analysed from a
growing population. For image acquisition, animals were incubated with 10 mM
NaN3 in M9 buffer for 1 h and mounted on agar pads. Stacks of confocal images
with 0.3 to 0.6 μm vertical pitch were recorded with a Leica TCS SP2
microscope. Maximum intensity projections of all focal planes were generated
using ImageJ.
Analysis of embryonic and larval lethality
Total progeny of 8 to 10 hermaphrodites were analysed. Number of eggs laid
was counted and served as reference. Number of progeny varied significantly for
all the cdh-4 alleles and was in the range of 30 to 266. Larvae not hatched after
24 h at 20 °C were counted as ‘embryonic lethal’. Animals growing to L4 stage
within 48 h after hatching were counted as ‘surviving adults’. For the wild type
strain the percentage of animals in the ‘surviving adult’ category was above
100% (Fig. 4D), an indication that some eggs were overlooked in the initial
counting of eggs on the plates.
Analysis of cdh-4 expression
A plasmid containing 3.2 kb upstream region of cdh-4 (position 15300–
18506 on cosmid F25F2) in the backbone of pPD95.75 (Fire vector kit)
generated by Y. Duan in Dr. Hedgecock's lab was used for analysis of cdh-4
expression. Transgenic animals were generated by injecting 50 ng/μl reporter
plasmid plus 50 ng/μl pRF4. Extrachromosomal arrays were integrated using
UV-irradiation, followed by two backcrosses with N2. To identify neurons in the
head ganglia a glr-1∷DsRed2 marker was crossed into the cdh-4∷GFP strain
and cells with overlapping expression were identified by virtue of the relative
position of the cell bodies.Results
Cdh-4 gene structure and isolation of cdh-4 mutants
The C. elegans cdh-4 gene is a Fat-like cadherin similar to
Drosophila Fat and vertebrate FAT1 (Fig. 1). These cadherins
are characterized by an unusually large number of cadherin
domains (32 in the case of cdh-4) followed by EGF and laminin
G domains, a single transmembrane domain and an intracellular
domain showing little sequence conservation across species.
The C. elegans cdh-4 gene is predicted to encode a protein of
4307 amino acids. Since the gene structure was only partly
confirmed by ESTs or cDNAs (www.wormbase.org) we
performed RT-PCR experiments using primer sets spanning
the entire gene based on the existing gene prediction to validate
the prediction. For all the fragments RT-PCR resulted in the
amplification of a single product with the expected size (data
not shown), suggesting that the gene prediction in the databases
contains no major errors. These experiments also suggested that
there are no alternative splice forms with major differences in
message size. To determine the function of cdh-4 in more detail
we isolated a deletion allele cdh-4(hd40) which eliminates the
Table 1
Axon guidance defects in the ventral cord (% animals with defects)
Allele Ventral
cord
Dorsal
cord
Interneuron
Ventral cord
defects
Interneuron
Lateral
axons
PVPR PVQL
Wild type 4 5 3 2 11 11
cdh-4(hd40) a 51∗∗ 54∗∗ 39∗∗ 58∗∗ 33∗∗ 34∗∗
cdh-4(hd13) 56∗∗ 63∗∗ 29∗∗ 41∗∗ 28∗∗ 33∗∗
cdh-4(rh310) 37∗∗ 68∗∗ 20∗∗ 23∗∗ 75∗∗ 61∗∗
n≥100 for all data points; markers used: evIs111 (ventral cord/dorsal cord),
rhIs4 (Interneuron), hdIs26 (AVG, PVP, PVQ); no significant defects were
found for AVG, PVPL and PVQR axon navigation in any of the mutants.
Animals with axons leaving the axon tract were scored as having defects (see
Fig. 2 for examples).
∗∗pb0.01.
a Different reference strains were used for hd40:rhIs16 (Interneuron) with
12% background defects for both ‘ventral cord defects’ and ‘lateral axons’ and
hdIs29 (AVG, PVP, PVQ) with 5% background defects for both PVPR and
PVQL.
Fig. 1. Structure of cdh-4. Exon–intron structure of the C. elegans cdh-4 gene and domain organization of the CDH-4 protein. The location of the deletion in hd40 and
the point mutations in rh310 and hd13 are indicated by a bar and asterisks respectively. Domain organization for Drosophila Fat and mouse Fat1 are shown for
comparison.
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alleles cdh-4(hd13) and cdh-4(rh310) were isolated in genetic
screens for mutants with axon guidance defects in interneurons.
Both are point mutations (G to A transitions) leading to pre-
mature stop codons within the cadherin repeats at amino acid
563 (rh310) or amino acid 1312 (hd13) truncating the protein
early in the extracellular domain (Fig. 1).
Cdh-4 mutants show axon guidance and Q cell migration
defects
Cdh-4 was identified in an RNAi screen (Schmitz et al.,
2007) as well as in genetic screens (HH unpublished) for axon
guidance defects in the motorcircuit of C. elegans. To char-
acterize neuronal defects in cdh-4 mutants in more detail we
analysed the nervous system with various cell type specific GFP
markers. A panneuronal marker revealed ventral cord and dorsal
cord fasciculation defects in about half of the mutant animals
(Table 1, Figs. 2A, B). Lateral axon tracts mainly consisting of
single axons seemed unaffected. The three alleles showed com-
parable penetrance for this and most other defects, suggesting
that all alleles are equally strong loss-of-function alleles and
based on the nature of the mutations possibly null alleles.
Neuronal subtype specific GFP markers were used to examine
axon navigation in various classes of inter- and motoneurons
with axons in the ventral and dorsal cord (Tables 1 and 2, Fig.
2). Navigation of the ventral cord pioneer neuron AVG was
unaffected in cdh-4 mutants (data not shown). Glr-1∷GFP
expressing interneuron axons (followers of the AVG pioneer)
showed fasciculation defects in the ventral cord with axons
frequently crossing between right and left axon tracts (Table 1,
Fig. 2D). In addition some axons extended at various lateral
positions rather than entering the nerve ring and growing
towards the ventral cord (Table 1, Fig. 2C). Axons from PVPL
and PVQR neurons extending in the right ventral cord axon
tract were unaffected, but PVPR and PVQL axons in the leftventral cord tract frequently crossed over into the right tract
(Table 1, Figs. 2E, F). PVPR and PVQL axons crossed over at
the same point, indicating that the pioneer–follower relationship
between PVPR (pioneer) and PVQL (follower) was not dis-
turbed. Various classes of motoneuron axons in the ventral cord
(DA, DB, DD, VD) showed fasciculation defects with a pene-
trance comparable to that observed for interneurons. Moto-
neuron commissure navigation towards the dorsal cord was
undisturbed, but choice of outgrowth along the left versus right
side of the body was frequently affected with individual com-
missures growing on the wrong side in more than half of the
mutant animals (Table 2, Fig. 2G).
In addition to axon navigation defects we detected Q neuro-
blast migration defects in all cdh-4 alleles using a panneuronal
marker to visualize positions of neuronal cell bodies. The two Q
neuroblasts migrate postembryonically in opposite directions.
The left QL neuroblast and its descendants, SDQL and PVM,
Fig. 2. Axonal defects in cdh-4 mutants. (A) The dorsal cord (labelled with F25B3.3∷GFP) is tightly fasciculated in wild type, but frequently defasciculated in
cdh-4 mutants. (B) Axons crossing the midline and regions without axons in the left tract can be observed in the ventral cord in cdh-4(hd40). (C, D) In wild
type glr-1∷GFP labelled interneurons are located in the head and send an axon from the nerve ring into the right ventral cord tract. In cdh-4(hd40) mutants axons
extend laterally from the nerve ring (C, arrowhead) or cross into the left ventral cord tract (D, arrow). This is most obvious in the vulva region (asterisk) where the
tracts are far apart. (E) The odr-2∷CFP marker labels the AVG and PVPL axons in the right axon tract and the PVPR axon in the left axon tract. cdh-4(hd40)
animals show crossover defects of PVPR (arrowhead). (F) In the same animal PVQL/R axons are labelled with sra-6∷DsRed. PVQL defects correlate with PVPR
defects in cdh-4(hd40) (arrowhead), indicating that the pioneer–follower relationship is undisturbed. (G) DD/VD motoneurons labelled with unc-47∷DsRed2. In
wild type all commissures leave the ventral cord on the right side, whereas in cdh-4mutants individual commissures grow out on the left side (arrow). (A): dorsal view,
(B, D–G): ventral view, (C): lateral view, scale bar: 10 μm.
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(SDQR and AVM) on the right side migrate anteriorly (Fig. 3A).
In about half of cdh-4 mutant animals QL descendants SDQL
and PVM can be found in the anterior part of the animalTable 2
Axon guidance defects in motoneurons (% animals with defects)
Allele Ventral cord a Commissures
DD/VD DA/DB DD/VD
side b
DD/VD
navigation c
DA/DB
sideb
DA/DB
navigationc
Wild type 9 0 17 21 8 0
cdh-4(hd40) 26∗∗ 17∗∗ 58∗∗ 17 56∗∗ 6∗
cdh-4(hd13) 22∗ 5 64∗∗ 10 34∗∗ 0
cdh-4(rh310) 32∗∗ 15∗∗ 49∗∗ 23 63∗∗ 4
hdIs22 used as marker; ∗pb0.05; ∗∗pb0.01; n≥100 for all data points.
a Animals with axons crossing over or extending in the left axon tract were
scored as having defects.
b Animals with commissures growing out on the wrong side of the body (left
versus right) were scored as having defects.
c Animals where commissures did not reach the dorsal cord were scored as
having defects.(Figs. 3B, C). In a smaller fraction of cdh-4 mutant animals
the opposite phenotype could be observed: QR descen-
dents SDQR and AVM in posterior positions (Fig. 3C). Q cell
migration defects in cdh-4(hd40) and also interneuron axon
guidance defects were rescued in transgenic animals carrying a
wild type copy of cdh-4 on a fosmid (data not shown), con-
firming that these defects are indeed due to the deletion in the
cdh-4 gene.
Q neuroblast migration in C. elegans is a well characterized
process involving Wnt signalling eventually leading to activa-
tion of the transcription factor mab-5 required for posterior
migration of Q neuroblasts (Harris et al., 1996). Target genes of
mab-5 mediating the posterior migration are still elusive and
the major defect in cdh-4 mutants – a failure in posterior
migration – raises the possibility that cdh-4 might mediate Q
cell migration downstream of mab-5. To determine whether
cdh-4 acts downstream of mab-5, we tested whether mab-5
mediated posterior Q neuroblast migration depends on cdh-4 by
evaluating the phenotype of a double mutant between a mab-5
gain-of-function allele (Harris et al., 1996; Maloof et al., 1999)
rendering mab-5 expression independent of the Wnt signal (as a
Fig. 3. Neuroblast migration defects in cdh-4 mutants. (A) In wild type animals the Q neuroblasts migrate postembryonically in opposite directions. QR descendents
(SDQR and AVM) are eventually located in the anterior part, whereas QL descendents (SDQL and PVM) end up in the posterior part of the animal. Pictures show only
the anterior region. (B) In cdh-4(hd40) mutants descendents of both Q cells are found in the anterior part of the animal, revealing a migration defect of QL and its
descendents. (C) Migration phenotypes of the cdh-4mutants. Numbers in the table are percentages of animals showing the phenotype. n≥100 for all data sets. QL and
QR defects for all alleles and allele combinations are significant with pb0.01 (χ2-test). Marker used: evIs111; Scale bar: 10 μm.
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4 loss-of-function allele (both Q neuroblasts migrate anteriorly).
This double mutant showed the phenotype of the mab-5 gain-
of-function allele indicating that cdh-4 does not act downstream
of mab-5 (Fig. 3C).
Cdh-4 mutants are defective in hypodermis and pharynx
development
Nervous system defects were scored in animals with normal
body shape predominantly in late larval stages and adults.
However we also observed that some cdh-4 mutant animals
showed variable morphological defects sometimes severe
enough to cause embryonic or larval lethality. This suggested
an additional role for cdh-4 outside the nervous system. When
examined in more detail cdh-4mutant embryos showed variable
defects in hypodermal organization (Figs. 4A–C). Some
embryos failed to elongate properly and arrested with differ-
entiated but disorganized tissues. The terminal arrest phenotype
is highly variable ranging from embryos with completely
disorganized tissues to embryos with partial elongation defects
visible as bulges or constrictions along the body. Overall the
phenotype gives the impression of a variable failure of hypo-
dermal cells to organize themselves properly. They occasionally
fail to completely cover the embryo by the end of gastrulation
leading to 11–27% embryonic lethality (Fig. 4D). A similarfraction of freshly hatched L1 larvae showed variable
morphological defects as well (Figs. 4F, H). The number of
animals growing to adulthood in comparison to the brood size
indicated that a significant fraction of animals died during larval
development (Fig. 4D). Closer examination of newly hatched
larvae revealed an additional defect as likely cause for the larval
lethality (apart from the morphological defects which could be
severe enough to cause lethality on their own). In about a third
of the L1 larvae (Figs. 4E, G) the pharynx apparently was not
connected to the hypodermis in the mouth region (Pharynx
UNattached or Pun phenotype). Consequently these animals
were not able to feed and died. Pharyngeal morphology in these
animals looked normal, suggesting that the underlying defect is
an attachment defect rather than a cell differentiation defect in
the pharynx. To further investigate whether the pharyngeal
primordium failed to attach to the mouth in the first place or was
not able to maintain the attachment during elongation, we
examined cdh-4(hd40) embryos carrying a GFP marker targeted
to epithelial junctions (jcIs1). This marker allows visualization
of the anterior end of the pharynx and the mouth epithelium
immediately before and during the elongation phase of embryo-
genesis. At a time when all wild type embryos had established a
connection between the pharyngeal epithelium and the mouth
(1½–2 fold stage) 16% of the cdh-4(hd40) embryos (n=50) had
their pharynx unattached. The total fraction of larvae with
unattached pharynx upon hatching is 30% suggesting that the
Fig. 4. (A–D) Embryonic lethality in cdh-4 mutants. (A) Wild type 2-fold embryo. (B) cdh-4(hd40) mutant embryos fail to elongate properly (bracket), but show
differentiated structures like the pharynx (arrow). (C) Protrusions appear at various sites in the embryo (arrow). Scale bar: 10 μm. (D) All cdh-4 alleles show embryonic
lethality and a decreased number of animals growing to adulthood. Progeny of 8 to 10 hermaphrodites was counted. Average number of progeny ranged from 131 for
cdh-4(hd40) to 220 for cdh-4(hd13). (E–H) Larval lethality in cdh-4 mutants. (E) The pharynx in L1 wild type larvae is connected to the anterior hypodermis to form
the mouth. (F) Some cdh-4(hd40) larvae have a variable abnormal morphology (arrow) and (G) the pharynx is not properly connected to the mouth (arrowhead). The
overall morphology of the pharynx is normal (arrow points at the posterior bulb with grinder). (H) Penetrance for both phenotypes in the three cdh-4 alleles is
comparable. n=100. All phenotypes are statistically significant with pb0.01 (χ2-test).
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whereas the remaining 14% seem to be unable to maintain the
attachment. The epithelial junction marker also allowed us to
examine the organization of hypodermal cells in more detail.
Subtle hypodermal cell placement defects were already
apparent in many embryos that superficially appeared normal
halfway through the elongation stage. Typically one of the seam
cells (the lateral row of hypodermal cells) was found to be
outside but immediately adjacent to the row of seam cells (Fig.
5). This was also apparent in larvae and did not affect overall
morphology. This defect could be interpreted as polarity defect
within the seam cell that fails to join the row but attaches to theother seam cells in an inappropriate direction. Based on its
position the affected cell always seems to be V3. Whereas the
neighbouring seam cells V1, V2, V4 and V6 share a common
lineage progenitor and are descendants of the anterior ABa
blastomere, the V3 seam cell is a descendant of the posterior
ABp blastomere and has to migrate to join its neighbours. Both
the migration and affinity for joining the other seam cells seems
unaffected in V3, however the cell fails to attach in the proper
orientation to its prospective neighbours in the row of seam
cells. Embryos with a more severe disorganization of hypo-
dermal cells are difficult to interpret with respect to the primary
defect. Larvae with morphological defects show various prob-
Fig. 5. Morphology of hypodermal cells in cdh-4 mutants. (A) Seam cells
labelled with ajm-1∷GFP. In wild type embryos at the 1½-fold stage seam cells
form a single row (asterisks). (B) In cdh-4(hd40) embryos frequently an
individual seam cell is misplaced. Scale bar: 10 μm.
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hypodermal seam cells fail to adopt their normal elongated
form, indicating a partial failure of the elongation process.
Many larvae also show constrictions along the body indicative
of an uneven force distribution during elongation. It is not im-
mediately obvious whether all these variable morphological
problems can be traced back to a primary defect in attachment or
polarity of hypodermal cells.
A cdh-4∷GFP reporter is expressed in affected tissues
throughout development
To investigate the expression pattern of cdh-4 we used a
reporter construct generated with 3.2 kb upstream sequence of
cdh-4 fused to GFP. Strong expression could be observed in the
embryo already before elongation and continuing throughout
development (Figs. 6A, B). The number of GFP positive cells
increases between the end of gastrulation and the 2-fold stage
when a large number of cells in the head including neurons,
hypodermal cells and the pharyngeal primordium express GFP
(Figs. 6C, D). Outside the head region expression is obvious in
all embryonic motoneurons in the ventral cord (Figs. 6C, E) and
in rectal epithelial cells, gland cells and the anal depressor and
intestinal muscle in the tail. The expression persisted through all
larval stages, most prominently in pharyngeal muscle cells (Fig.
6F). In adult animals cdh-4∷GFP was also expressed in the
reproduction system namely the spermatheca, the vulva and
uterine muscles and the distal tip cells (DTC).
Neuronal expression was analyzed in more detail in L1
larvae. Colocalization analysis revealed that a large fractionof the glr-1∷DsRed2 labelled interneurons including AVA,
AVD, AVE, AVJ, AIB, RMD, RIM, SMDV, SMDD and PVC in
the tail express cdh-4∷GFP (Fig. 6G). Moreover expression
could be seen in the PVP and PVQ, CAN and PVD neuron
pairs. In general cdh-4∷GFP expression could be observed in
all affected neuron populations with the exception of the Q
neuroblasts and their descendants consistent with the idea
that cdh-4 functions predominantly cell-autonomously during
development.
Discussion
Cdh-4 is a Fat-like cadherin
The Fat superfamily is conserved from invertebrates to
mammals (Tanoue and Takeichi, 2005). The overall domain
organization of Fat-like proteins in C. elegans, Drosophila and
vertebrates is similar with a large block of cadherin modules at
the N-terminus followed by EGF and Laminin G modules close
to the transmembrane domain. The exact number of EGF and
laminin G modules however is variable (Hill et al., 2001;
Tanoue and Takeichi, 2005). The intracellular domain of the
two C. elegans Fat cadherins (cdh-3 and cdh-4) is significantly
smaller than those of the Drosophila and vertebrate homologs
and shows little sequence similarity (Hill et al., 2001). The first
identified member of this family was Drosophila Fat. Mutations
in Fat lead to overgrowth of larval imaginal discs indicating a
function as a tumor suppressor gene (Bryant et al., 1988). A
second function was reported later in the planar cell polarity
(PCP) pathway establishing polarity in planar epithelia like the
Drosophila wing and compound eye (Matakatsu and Blair,
2004; Yang et al., 2002). Recently a second fat cadherin, fat-
like, was identified in the Drosophila genome (Castillejo-Lopez
et al., 2004). In mammals, four members of the fat subfamily of
cadherins are known, Fat-1, Fat-2, Fat-3 and Fat-J (Cox et al.,
2000; Dunne et al., 1995; Hong et al., 2004; Mitsui et al., 2002;
Nakayama et al., 2002; Ponassi et al., 1999). The C. elegans
genome contains two Fat-like cadherin genes, cdh-3 and cdh-4
(Hill et al., 2001). Cdh-3 mutants show defects in the morpho-
genesis of a single hypodermal cell (hyp10) affecting mor-
phology of the tail (Pettitt et al., 1996). Expression of cdh-3
is found in seam cells, the developing vulva and neurons
associated with the egg-laying circuit (Pettitt et al., 1996), i.e.
essentially does not overlap with cells expressing cdh-4 sug-
gesting that the two Fat-like cadherins in C. elegans might
have complementary roles. Further experiments would be
required to address the question of potential interactions and/or
functional overlap among members of the cadherin family
in C. elegans.
Cdh-4 regulates axonal fasciculation and cell migration
All three cdh-4 alleles analyzed here showed a disorganiza-
tion of the major longitudinal axon tracts, the dorsal and
ventral cord. In both tracts axons stray away from the axon
bundle leading to defasciculation of the dorsal cord and cross-
over between the left and right bundle in the ventral cord.
Fig. 6. Embryonic (A–D) and postembryonic expression of cdh-4∷GFP (E–G). Expression starts in the embryo prior to elongation (A) and is seen in several cells in
head and tail (B). cdh-4∷GFP is expressed in motoneurons (C arrows), in anterior hypodermis (D, arrow) and the pharynx (D, asterisks). (E, F) Expression from larvae
to adulthood persists in motoneurons, interneurons of the motorcircuit, the CAN and PVD neurons, pharyngeal muscles, the pharyngeal epithelium and parts of the
hypodermis. (G) Coexpression of cdh-4∷GFP and glr-1∷DsRed in head interneurons. (A–D) scale bar: 10 μm, (E–G) scale bar: 20 μm.
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crossing defects) within the ventral cord are difficult to
distinguish since the resulting phenotype could be essentially
the same (axon in the wrong axon tract). It is interesting to note
that lateral longitudinal axon tracts, typically consisting of just
single axons in C. elegans, were not affected in cdh-4 mutant
animals. Also not affected is the navigation of motoneuronaxons (commissures) along the part of their trajectory where
they navigate individually, i.e. during their growth from the
ventral to the dorsal side. In other words axonal defects are only
seen in axon tracts consisting of several axons and could all be
interpreted as fasciculation, i.e. adhesion defects. Classical
cadherins are implicated in a number of adhesion phenomena in
the nervous system ranging from cell sorting to regulation of
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expression of cadherins in subpopulations of neurons regulates
their sorting and fasciculation in spinal cord, tectum, and cortex
in chicken (Guthrie, 2002; Price et al., 2002; Wohrn et al.,
1999). The only classical cadherin expressed in the nervous
system in C. elegans, HMR-1B, the N-Cadherin homolog, is
expressed just in a subset of motoneurons and has a limited role
in dorso-ventral guidance of commissures (Broadbent and
Pettitt, 2002). HMR-1B does not seem to have any role in the
adhesion of axons within an axon bundle. This adhesive
function in part seems to be provided by the Fat-like cadherin
CDH-4 in C. elegans. CDH-4 in contrast to HMR-1B is widely
expressed in the nervous system in all neurons affected. This
suggests that it might act cell-autonomously in axon fascicula-
tion as expected for an adhesion molecule. Alternatively, CDH-
4 could mediate interactions between neurons and nearby
hypodermal cells, which also express CDH-4.
Two aspects of the cdh-4 phenotype do not fit this simplified
picture of CDH-4 mediating only adhesion among axons. Some
interneuron axons grow laterally in the posterior direction rather
than anteriorly towards the nerve ring and some commissure
axons grow out on the wrong side of the body (left versus right),
defects which cannot easily be interpreted as adhesion defects. In
both cases the direction of neurite outgrowth seems to be
reversed (anterior versus posterior or left versus right), which
could be a consequence of a polarity defect in the neuron sending
out the neurite. The Q cell migration defect could be interpreted
in a similar way as a consequence of an initial polarity defect of
the migrating cell. Migration of the Q cells consists of an early
phase where cell polarity is established and migration begins
under the influence of genes like unc-40, unc-73 and dpy-19
(Honigberg and Kenyon, 2000). Ultimately the direction of
migration is under the control of a transcription factor, mab-5
which is asymmetrically activated in only one of the two Q cells
under the influence of a Wnt signal (Kenyon, 1986; Maloof et
al., 1999). Our double mutant analysis revealed that cdh-4 acts
upstream or independent ofmab-5, because cdh-4 is not required
for mab-5 dependent posterior migration of Q descendents. This
suggests that cdh-4 might act at an earlier step in Q cell
migration maybe in the initial polarization of the Q cells. Further
hints for a potential role for CDH-4 in cell polarity come from the
defects seen in the placement of hypodermal cells, which could
also be interpreted as polarity defects (see below).
Cdh-4 controls adhesive properties of pharynx and hypodermis
during morphogenesis
Cdh-4 mutants show embryonic lethality due to morphoge-
netic defects pointing to a role for CDH-4 in the hypodermal
epithelium. Just prior to the beginning of morphogenesis the
embryo gets enveloped by the hypodermal cells which then
constrict leading to a coordinated elongation of the embryo
towards a wormlike shape. This process requires a classical
cadherin–catenin complex consisting of the HMR-1 Cadherin,
HMP-1 (α-Catenin) and HMP-2 (β-Catenin) (Costa et al.,
1998). HMR-1A mutants show an early anterior defect in
migration and adhesion of hypodermal cells. This leads to adeformed head (Hammerhead) due to an incomplete closure of
the hypodermis. In HMP-1/2 mutants actin filaments detach
from the adherens junctions preferably at the dorsal hypodermis
leading to a characteristic humpback phenotype (Costa et al.,
1998; Raich et al., 1999). None of these phenotypes is typical
for cdh-4 mutants suggesting a different role for cdh-4. The
actual elongation by coordinated constriction of hypodermal
cells depends on the reorganization of the circumferential actin
cytoskeleton (Priess and Hirsh, 1986). Several components in
the regulatory machinery in this process have been identified.
These include the myosin heavy chain NMY-1, its regulatory
light chain MLC-4 as well as proteins regulating the activity of
the actomyosin complex (Diogon et al., 2007; Piekny et al.,
2003; Shelton et al., 1999; Wissmann et al., 1997, 1999).
Mutations in those genes either lead to a hypoelongation defect
with embryos arresting around the 2-fold stage or results in the
presence of bulges leading to rupturing of the embryo. Again,
neither of these phenotypes are characteristic for the defects
seen in cdh-4 mutants, which show variable abnormalities in
body shape but no general failure of the elongation process.
Variable morphological abnormalities are characteristic for the
so-called vab-mutants, however these defects are typically less
severe than in cdh-4 and frequently limited to the head and/or
tail region of the animal. The most prominent member of this
class, vab-1, encodes an EPH-receptor required for epidermal
morphogenesis and alignment and fusion of hypodermal cells
(George et al., 1998; Ghenea et al., 2005). The weakest defects
in cdh-4 mutants also point to a primary defect in alignment of
hypodermal cells with a particular seam cell, V3, not joining the
row of seam cells properly. In animals with a more severe
disorganization of the hypodermis the primary defect is more
difficult to pin down, but a disarrangement of hypodermal cells
is always obvious and seems to be the major reason for the
morphological problems in all affected animals.
Some cdh-4 mutants animals die not because of morpholo-
gical defects but because they cannot feed since their pharynx is
not attached to the hypodermis in the mouth region (Pun
phenotype). Morphogenesis of the pharynx can be divided into
three stages (Pilon and Morck, 2005; Portereiko and Mango,
2001). In the first phase the lumen of the pharynx elongates by
polarization of the anterior pharyngeal cells. In the second phase
the epithelium is formed that connects in the third phase to the
anterior hypodermis to form the mouth. Defects in the later
stages of pharyngeal development could be secondary con-
sequences of defects in earlier cell fate decisions. Several genes
are known to affect differentiation of the anterior part of the
pharynx, which is responsible for establishing the connection to
the mouth hypodermis. In tbx-37 and tbx-38 mutants the
anterior part of the pharynx is completely missing (Good et al.,
2004). In pha-1 mutants early cell fate determination is not
affected, but later differentiation defects lead to an unstructured
pharynx without lumen or grinder that is not elongated (Granato
et al., 1994). In both cases missing or undifferentiated parts of
the pharynx are easily recognisable under the microscope and
clearly different from cdh-4 mutants, where the entire pharynx
seems to be present and properly differentiated and even elon-
gated. The elongation of the pharynx is primarily not dependent
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epithelium between pharyngeal cells and the anterior arcade
cells. The following contraction pulls the pharynx anteriorly
and opens the mouth (Portereiko and Mango, 2001). In some of
the cdh-4 mutant animals this connection is not made or at least
significantly delayed well beyond the stage where it occurs in
wild type. The fraction of hatched L1 larvae with unattached
pharynx is significantly larger than the fraction of embryos that
fails to establish the attachment. This suggests that part of the
problem is in maintaining the connection during elongation,
when mechanical stress requires a tight adhesion between the
two tissues. Cdh-4 is expressed in the pharyngeal primordium
and also in the anterior hypodermis that connects to the
developing pharynx and could mediate adhesion between
pharynx and mouth epithelium by homophilic interactions.
Cdh-4, Wnt signalling, planar cell polarity and cell adhesion
Fat-like cadherins are most intensively studied in Droso-
phila. Fat in Drosophila is implicated in developmental
processes as diverse as control of cell proliferation (Bryant et
al., 1988) and in establishing planar cell polarity (Rawls et al.,
2002). Planar cell polarity has been studied in detail
predominantly in the Drosophila wing and eye and a Wnt
signalling pathway has emerged as the core of the PCP pathway
(Barrow, 2006; Fanto and McNeill, 2004). The Fat cadherin has
been shown genetically to act upstream of the Wnt receptor
Frizzled (Strutt and Strutt, 2005) and was found to localize
apical to adherens junctions in the wing (Ma et al., 2003). How
Fat regulates the PCP pathway is currently not well understood.
A second member of this subfamily in Drosophila, Fat-like, has
recently been identified and was shown to be involved in the
formation of tubular structures from epithelia (Castillejo-Lopez
et al., 2004). In mammals four Fat-like cadherins have been
identified, but only one of them, Fat1, has been studied in some
detail (Tanoue and Takeichi, 2005). Fat1 knockout mice exhibit
developmental defects of the kidney and the nervous system
like anophthalmia and holoprosencephaly (Ciani et al., 2003).
The primary cause of all these defects is not entirely clear, but
might lie in defective cell–cell interactions.
Defects of the Fat-like cadherin cdh-4 in C. elegans are also
pleiotropic with several tissues affected. The majority of the
defects in the nervous system and also in the pharynx could be
interpreted as adhesion defects pointing to a major role of cdh-4
mediating or maintaining proper cell–cell contacts. Other
defects like Q cell migration defects and morphogenetic defects
are most likely not due to a failure of cell adhesion, as these
phenotypes do not resemble defects seen in classical cadherins,
which do provide adhesive function during morphogenesis.
These defects together with certain axon navigation defects,
however, could be interpreted as consequences of polarity
defects of neurons, migrating cells and hypodermal epithelial
cells. Q cell migration in C. elegans is under the influence of a
Wnt signalling pathway leading to asymmetrical expression of a
transcription factor, mab-5, which controls the direction of
migration. Our genetic data are consistent with the idea that
cdh-4 acts upstream of mab-5 in this process, which wouldplace it in a position in a Wnt pathway similar to the position of
Fat in Drosophila. We were not able to detect expression of our
cdh-4 reporter construct in Q cells, which would argue against a
cell-autonomous role of cdh-4 in Q cell migration. However,
cdh-4 might be expressed at low levels or the promoter
construct might not contain all the required regulatory elements,
so that we cannot completely rule out at this point that cdh-4 is
expressed in Q cells.
Epithelial cells in C. elegans like epithelial cells in other
animals show a clear apical–basal polarity. They produce no
obviously polarized structures like bristles or hairs that would
indicate an additional polarity within the plane of the epithelium.
However, the lateral and ventral epithelial cells divide post-
embryonically with a distinct anterior–posterior polarity,
suggesting that they are polarized within the plane of the epi-
thelium. There is currently no evidence of the Drosophila core
PCP pathway acting in establishing polarity in epithelial cells in
C. elegans and it is unclear how this polarity is established. In the
Drosophila wing epithelium Fat localizes apical of adherens
junctions (Ma et al., 2003). Vertebrate Fat1 in cultured cells is
located at cell–cell contact sites (Tanoue and Takeichi, 2004)
supporting a role for Fat-like cadherins in cell–cell commu-
nication of adhesion across animal phyla.C. elegansCDH-3, the
other Fat-like cadherin localizes to the protrusive basolateral
membrane of the anchor cell and seems to play a subtle role in
promoting invasion of the anchor cell through the basement
membrane (Sherwood et al., 2005). The intracellular domain of
Fat-like cadherins is not well conserved across species and very
few binding partners are known so that we only have hints as to
how the Fat-like cadherins are connected to intracellular
signalling pathways. It has been shown that murine Fat1
interacts with members of the Ena/VASP family (via a class I
EVH1 binding site in Fat1) to modify the actin cytoskeleton
(Moeller et al., 2004; Tanoue and Takeichi, 2004). Fat1 can also
bind to HOMER proteins via a class II EVH1 binding site that
overlaps the class I site making binding of those two proteins
mutually exclusive (Schreiner et al., 2006). It is interesting to
note that the cytoplasmic domain of the CDH-4 contains a Class
II EVH1 binding site (‘PPRGF’ at amino acid 4108 of CDH-4
corresponding to the consensus motif ‘PPxxF’) raising the
possibility that at least some of the binding partners are con-
served as well. The proposed role of cdh-4 in mediating
adhesion and possibly cell polarity in C. elegans makes it
likely that intracellular signalling through cdh-4 is linked to
the actin cytoskeleton as well. However, further experiments
are required to elucidate its role in embryonic development in
more detail.
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